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ABSTRACT 

Impact t e s t s  were performed on solid,  vesicular, and granular 

samples of volcanic pum5ce and basalt, 

produced f o r  each type of sol id  sample, and f o r  de f i a i t e  sized ranges 

of granular material  

Characteristic craters  were 

The cra te rs  ia so l id  basal t  a r e  shaL3-0~ and wide, th i s  due t o  

la rge  spalls being sheared from the craters .  

basal t  a re  produced by d i rec t  crushing and by the  intense pressure 

wave generated by impact. The 

crateros i n  pumice vary great ly  with changes i n  density of the  target  

material. 

almost en t i re ly  by d i r ec t  crushing action t o  an impact-shear type c ra te r  

very similar t o  these i n  vesicular basal t  with increasing sample density. 

Empirical quantitative relat ions were obtained re la t ing  cer ta in  c ra te r  

parameters t o  impact energy and material  cmshabi l i ty .  

The c ra te rs  i n  vesicular 

These are  more conical i n  prof i le .  

The c ra te r  shapes vary from a long, narrow burrow, produced 

Craters produced a t  4s degree angles of incidence are  very irregu- 

lar  i n  plan and very shallow; however, the  formation process d i f f e r s  in 

no substmkial  degree from t h a t  of normal incidence. 

In the granular material, three basic shapes of c r a t e r s  weye pro- 

duced. 

walled w5th relatively f l a t  floors. 

are fair ly  shallow, 

double conical c r a t e r s  are produced. 

dish-shaped cra te rs  a r e  produced. 

for granular Trrpacts. 

I n  material less than 925 micron size,  the c ra te rs  a re  steep- 

These c ra t e r s  'have narrow r i m s  %;nd 

I n  material from 2.50 t o  l,OOO microns, d i s t inc t  

In la rger  sized materoial, wide, 

Some quantitati-ve data was obtained 

Doubts were raised, however, as t o  the e f fec ts  



sf the sample @on$aTners OB the r e s u l t b g  c ra t e r s  i n  grarruPkar material. 

Geybe~aXLy~ the work performed supports the crater theoyies of 

BalMn and Chartem, and extends tMs theory i n t ~  a smaller s i z e  and 

energy range than had heretofore been considered. 
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INTRODUCTION 

There a re  two basic prevail ing theories as  t o  the  origin of 

the  majority of t h e  craters  covering the lunar surface, those 

being the speculations of volcanic or igin and the proposition of 

external impacts a s  the primary cause of such cra te rs .  

ments performed deal  with the second of these theories.  

The experi- 

Several authori t ies ,  among them Baldwin (Ref. 2), Gault ( R e f .  

4) and Shoemaker (Ref. S), have sought t o  establish some means of 

determination of the origin of c ra te rs  by c l a s s i f i c a t i w  of a char- 

acteristic shape or contour of the crater,  and further,  t o  establish 

mathematical r e h t i o n s  allowing some def ini t ion of the impacting bodies 

a s  functions of varying cra te r  parameters. 

t ha t  it is possible t o  distinguish between primary and secondary (those 

produced by ejecta  from a primary crater ,  the primary c ra t e r  being 

produced by a t o t a l l y  a l ien  body) impact c r a t e r s  on the moonfs surface 

by examination of the c ra te r  contours. 

Shoemaker has also stated 

The experiments performed sought t o  determine the existance of 

specific types of craters  f o r  impacts i n  so l id  and granular volcanic 

material, the impacts occuring in an evacuated atmosphere, pressure 

less than 100 microns of mercury, and a t  ve loc i t ies  approaching lunar 

escape veloci ty  (i .e.  i n  the  range 4,500 t o  7,500 fps) .  I n  additionr 

consideration was  given t o  correlating the experimental impacts per- 

formed with the theories of Baldwin and Charters (Ref. 3)  r e l a t ing  

t o  the abiSity t o  define a l l  c ra te rs  i n  a given energy range with a 

s ingle  general relation, shifted onXy by a constant with var ia t ion in 
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the  impacted body, and the abil i ty to  determine the energy range by 

examination of cer ta in  c ra t e r  parameters. 

such extension of these theories f o r  smaller laboratory-produced craters ,  

since a l l  other work of t h i s  type had been done on much larger  craters,  

e i t he r  by physical measurement of terrestrial c ra t e r s  centuries after 

the fac t ,  o r  from explosively produced craters .  In  neither case does 

the  process involved duplicate that. of the  lunar formations, particu- 

l a r l y  that of secondary lunar  c ra te r  formation, by reason of both a t -  

mospheric presence and energy differences. 

It was desirous t o  es tabl ish 

Tmpacts were performed i n  so l id  and vesicular basalt, in several  

types of solid pumice, and i n  granular samples of pumice and basal t ,  

the granular samples being i n  concise s ize  ranges from l 0  t o  4,000 

microns. 

i n  so l id  samples. 

Impacts were also performed a t  45 degree angles of  incidence 



EXPERIZVIENTAL PROCEDURES 

Testinq Procedure 

The t e s t ing  apparatus used i n  the impact tes t ing  is  shown schemati- 

ca l ly  i n  Fig. 1. Previous tes t ing (Ref. I) had shown that there were 

two main problems associated with the or iginal  apparatus, those being 

the f a c t  t ha t  the or iginal  pro jec t i le  accelerator, a .378 Weatherby 

Magnum action chambered t o  .30 cal iber ,  could not be dependably loaded 

t o  a low enough energy l eve l  t o  avoid shattering the sol id  samples, and 

t h a t  it produced an unacceptabZe amount of muzzle blast during each shot.  

To a l lev ia te  the problem of muzzle b las t ,  a series of experiments 

was conducted t o  determine the relat ive effectiveness of the cryogenic 

surfaces that were employed t o  freeze out the products of combustion of 

the powder. Results of these t e s t s  led t o  discontinuance of use of the 

UT, 

tubes as cryogenic surfaces. 

b l a s t  effect ,  but due t o  the inefficiency of the v e r t i c a l  f i r i n g  posi- 

i n  the ba f f l e  chamber section, retaining only the top and bottom 

This arrangement minimized the muzzle 

t ion,  a s ignif icant  amount of sol id  material, mostly unburned powder 

grains, was s t i l l  being f i r e d  into the sample along with the project i le ,  

leading t o  some question as t o  whether the resu l t s  produced on the samples 

were solely due t o  the pro jec t i le .  

granular samples. 

c ien t  velocity, could produce unreliable velocity measurements for the 

This was par t icu lar ly  noticeable i n  

llzso, these so l id  par t ic les ,  i f  t ravel l ing a t  a suffi- 

pro jec t i le ,  i n  t h a t  they could break the timing wires. 

cases of th i s ,  evidenced by multiple breaks i n  the timing wires, as opposed 

t o  the single, clean break obtained by the pro jec t i le  alone passing through 

There were several 
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the gr id ,  

the  timing boards with two o r  three thickness of corrugated cardboard, 

these pa r t i c l e s  could be prevented from reaching the Ciming wires. 

system proved en t i r e ly  sat isfactory.  

After some experimentation, it was found t h a t  by covering 

This 

Extensive t e s t ing  was performed with the .30 cal iber  accelerator 

i n  an e f fo r t  t o  down-load it t o  a degree acceptable with respect t o  

shattering of the samples. From these t e s t s ,  it was deemed impractical, 

i f  not impossible t o  accomplish th i s .  

Magnum 'barrelled action was obtained. 

f o r  the desired tests, i n  tha t  the maximum desired energy ranges could 

be obtained with near maximum Loading of the cartridges, t h i s  being the 

range of maximum efficiency of powder burning. 

.222 accelerator l i e s  i n  the abi l i ty  t o  use pro jec t i les  o f  smaller mass 

(project i les  as l i g h t  as 6 grains gave excellent consistency) and up-load 

t o  f a i r l y  high ve loc i t ies  6,500 t o  7,500 fps)  w h i l e  remaining within the 

desired range of momentum, dictated by the shatter point of the so l id  

basa l t  samples, about 0.36 l b  . -sec . 
less muzzle blast than did the .30 cal iber ,  and, with the employment of 

the procedures outlined above, Che problem of muzzle blast was  very near- 

l y  eliminated. 

For t h i s  reason, a Remington .222 

This accelerator proved idea l  

Another advatage of the  

l 

The .222 also produced substantially 

During the course of the tes t ing,  some d i f f i ca l ty  was encountered 

with the  veloci ty  timing apparatus, and several  instances af very erratic 

veloci ty  readings were obtained. 

t o  the f a c t  kha t  the timing wire gr ids  were grounded t o  the system i tself ,  

and, upon f i r i n g  the accelerator, the  resul t ing in te rna l  vibration of the 

system was  such t h a t  it was possible t o  intermit tent ly  break these comec- 

t ions and send spurious signals t o  the  timer, resa l t ing  i n  e i the r  erroneous 

s t a r t i ng  o r  stopping of the counter. 

The source of the problem was traced 

- 

&on ins t a l l a t ion  of an externally 
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grounded grid syskem., very- consistant w d  repeatable r e su l t s  were obtained 

f o r  similar loads m d  no furkher problems were encomtered with the timing 

system 

Samples were impacted a t  incidence angles of 90 degrees a d  .ks degrees, 

For the hs degree shotsp, anly so l id  samples were used, since a r t i f i c i a l  

packing would have been required t o  maintain such an angle of repose i n  

the granular samples. The samples impacted a t  &s degrees were supported 

by a system of magnet-ic b l  cks and wLre Isops attached to the base supports. 

Positioning was cr i t ica l  f o r  the Eks degree shots and it was  fomd t o  be 

necessary t o  bore s igh t  the accelerator on a fixed point marked on the  

sample befom each 3hot i n  t h a t  configuration. 

With %he above stated modifications ins ta l led  i n  the system, the  

experimental procedure i n  making m impact tesk was  as follows: 

E l ,  Place the sample i n  the  impact chamber at k5 o r  90 degrees, 
with appropriale procedural modifications f o r  each con- 
figuration. 

E2. Load %he p ro jec t i l e  accelerator. 

E3. Evacuate the system to a vacuum o f  less khan 100 microns of 
mercury (with gmnular samples., th i s  islwol~~es a very s low 
i n i t i a l  p-mpdows, and two to €sur days of pumphg time to re- 
lease and yemove trapped a i r  and moisture in the sample). 

Ffll the shysuds around the upper and lower tubes wtth l iqu id  
nitrogen. %%is usually causes a pressure drop of 5 t o  10 
microns, par t icular ly  with granular samples. 

Eb. 

~ 5 .  I n s t i t x t e  photographic procedures, i f  impact photography is  
to be performed. 

Fire the projec t i le  accelerator and impact the target.  E6. 

ET. 

E8, 

Allow the l i q u i d  nitragen to b o i l  away. 

Raise the pressure i n  the system t o  atmospheric pressure. 

E9. 

ElO. 

Carefully remove the sample from the chamber. 

Photograph the sample and note any unusual features  concern- 
h g  either the sample or the e jec ta  (with g ramla r  samples, 
photogmphs should be made before removal., as the su~faces 
are  delicake a d  subject to s l u q i n g  upon rem~val). 
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E l l .  Perform sample evaluation upon the impacted sample. 

Photography 

Photography of craters  produced was considered an in tegra l  p a r t  of 

the tes t ing  procedure and w a s  performed immediately subsequent t o  removal 

of the  sample from the  impact chamber fop a l l  samples tes ted.  

a lso deemed desirable t o  obtain photographs, both s t i l l  and motion picture,  

of t he  impact process, with specif ic  emphasis t o  be placed upon establ ishr  

ment of a chronological sequence involved i n  the impact on various types 

of samples and ident i f icat ion of ,  direction of f l i gh t ,  and veloci ty  of 

individual pa r t i c l e s  of e jecta  if  possible. Toward these ends, photo- 

graphic procedures were established f o r  both still  and motion p ic ture  

photography of the impact process. 

It was 

S t i l l  Photography 

I n i t i a l  e f fo r t s  a t  photography of the impact process were with a 

1 polaroid-type camera, using a31 open shutter and providing illumination 

by mems of a single f l a s h  from a stroboscope, f i r e d  by the breaking 

of a c i r c u i t  by the pro jec t i le .  

reasons, a l l  associated with the camera i t s e l f .  

dinately long minimum foqal distance of the camera, lack of resolution 

i n  the f i l m ,  no means t o  produce higher contrast  p r in t s  with the Polaroid- 

type f i l m ,  and a chemical reaction time of the  f i l m  on the order of m i l l i -  

seconds, while the f l a s h  duration is  0i-Q 3-5 microseconds, result ing i n  

very l i t t l e  being produced on the Polaroid f i l m  i n  the way of an image. 

The next system used employed a 35 millimeter camera w i t h  the same 

This sy-bem f a i l e d  f o r  a number of 

Among these were inor- 

illumination system. This system was operable, but not optimum. The 

par t icu lar  camera used had only an f3.5 l ens  which necessitated using 

the maximum lens  aperture, and obtaining the minimum depth of f i e l d .  It 
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also had a rathes long minimum focal  distacnce which necessitated some 

back-off from the  desired viewing position and s t i l l  gave considerable 

fa l l -off  i n  sharpness a t  the edges of the frame. 

Finally, a system was established using a Miranda Sensorex 35 mm 

single lens  ref lex type camera with a 50 mm f l . 9  lens.  This system 

gave excellent resu l t s  i n  aLl respects, 

Lighting proved t o  be a par t icular ly  d i f f i c u l t  problem. The 

problem came i n  the f ac t  t ha t  an extremely short duration f l a sh  was 

necessary t o  "stopfr the ejecta ,  but suff ic ient  illumination had t o  be 

present t o  expose the f i l m  and produce re la t ive ly  high resolution, 

high contrast photographs. 

was limited, t h i s  ruled out backlighting, or silhouetting of the ejecta 

par t ic les ,  since the amount of l i gh t  penetrating the f ine  cloud of 

e jeota  was grossly insuff ic ient  t o  expose the f i l m .  Sidelightb.g, a t  

90 degrees t o  the view of the camera was attempted, but produced only 

the outline of the  conic cloud being emitted from the sample, not the 

individual e jecta  par t ic les  i n  re l ie f  as anticipated; again, t h i s  was 

due t o  the i n a b i l i t y  of the limited l i g h t  source t o  sucuessfully pene- 

t r a t e  the ejecta  cloud. 

confines of the impact chamber used was  a combination three quarter 

view, with the  strobe l i g h t  positioned i n  one angled top port  and the 

camera i n  the  other. 

"inside" the e jec ta  cone and view the pa r t i c l e s  from above a s  they l e f t  

the surface of the  sample. 

contained herein were obtained in t h i s  manner. 

Since the power output of the stroboscope 

The most successful method found within the 

This enabled both the camera and l i gh t  t o  Look 

A l l  of the s t i l l  shots of the impact process 

The stroboscope was triggered by the pro jec t i le  breaking a f ine  

wire grid.  

sample, but l a t e r  was attached t o  the Surface of the sample, when photos 

I n i t i a l l y  t h i s  gr id  was suspended above the surface of the 
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taken i n  the f irst  configuration showed the suspension t o  be interfer ing 

both with the  camera view and with the f l i g h t  of the ejecta par t ic les .  

The stroboscope itself was  equipped with an adjustable in$ernal delay 

and there w a s  a l so  an external delay un i t  which allowed variation 

of the time i n t o  impact of .the f lash  from about ,200 micro-seconds t o  

more than 1 second in continuous ranges. 

and it w a s  found tha t  excellent repeaeability was ob%ainable, lending 

good authority t o  sequential s t i l l  photographs of the impact process. 

The delay uni ts  were calibrated 

Using the method above, t he  following procedure was developed f o r  

s t i l l  photography of the impact process: 

Pr ior  t o  placing the sample i n  the chamber, a f ine  wire 
gr id  was wound on the surface. 
connections leading t o  the f lash  u n i t  a8 the sampye was 
placed i n  t h e  impact chamber. 

Following step E 3  of the experimental procedure, the camera 
was positioned i n  the viewing port  and focused on the 
sample. 
l ight ing i n  the l igh t ing  port .  

The ends were soldered to  

A picture  of the sample was taken using incandescent 

Following step EL, the desired delay was programmed in to  
the f l a sh  unit ,  the  uni t  was connected t o  the sample grid,  
and was positioned i n  the l ight ing port .  

The camera shutter was opened, step E5 was inst i tuted,  
f i r i n g  the flash,  and the camera shutter w a s  closed. 

An rfafterr picture  was immediately made similar t 9  t ha t  
of step 52 above. 

The f i l m  was processed and enlargements were made. 

Photographic evaluation was made. 

Motion Pictures 

Eleven attempts were made t o  obtain high-speed motion pictures  

The camera used was a Red Lake Hycam, model 

I 

of the impact process. 

K20SkE, l6m, with a 75mm f2 ,7  lens ,  

General Electr ic  boron movie l i gh t s ,  After some experimentation, it 

w a s  found that the optimum l ight ing conditions were obtained by 

Lighting was provided by t w q  



9 

l e t t i n g  the camera view the sample in one of the angled top ports with 

one l i g h t  i n  the other angled por t  and the second i n  a side por t  a t  

90 degrees t o  the l i n e  of s ight  of the camera. A l l  motion pictures  

were shot a t  5,000 pictures  per second. 

by the amount or" l i g h t  possible with the system used. An accurate 

record of the f i l m  frame ra te  was obtained by using a timing l i g h t  

generator a t  1,000 cycles per second. 

tioned a t  i t s  minimum foca l  distance from the  sample and aligned with 

the viewing port ,  a distance of about 3.5 f ee t .  

depth of f i e l d ,  and focusing Q f  the lens  was extremely c r i t i c a l  a t  

t h i s  distance; accordingly, on subsequent shots, the camera was posi- 

tioned on the second l eve l  (see Fig. 1) and aligned with the port .  

Excellent c l a r i t y  was obtained with t h i s  arrangement, although a t  the 

expense of  some reduction of f i e l d  of view due t o  the diameter of the 

port  i t s e l f .  

This l imitat ion was imposed 

I n i t i a l l y ,  the camera was posi- 

This gave almost no 

Using t h i s  method, the following procedure w a s  developed f o r  

obtaining high-speed motion pictures of the  j-mpact process: 

M I .  

M2. 

M3 

a. 
M5 

During step E3 above, t he  camera was positioned and focused, 
the l i g h t s  were positioned and tes ted,  and the timing l i g h t  
generator was connected t o  the camera. 

During step E4 above, a Light reading was taken, f i l m  was 
loaded into the camera, and the power supply was connected 
t o  the camera and timing .light generator. 

The l i g h t s  were turned on, the  camera s tar ted,  and step 
E6 was ins t i tu ted  a f t e r  run-up of the cameva. 

The f i l m  was removed from the camera and processed. 

Photographic evaluation w a s  made, u t i l i z ing  both frame 
by frame examination and standard speed projection. 

- 

Sample Evaluation 

Subsequent t o  impact, sample evaluation was performed on a l l  

samples. In the sol id  samples, pertinent measurements, such as  mean 



cra te r  diameters, c ra te r  depth, and c ra t e r  volume were recorded. Any 

unusual featxres of the c ra t e r s  were recorded. Apparent density mea- 

surements were made f o r  the so l id  and vesicular basalt samples using a 

l iqu id  displacement method, and f o r  one type of pumice using the weight 

of a cut  block of regular dimensions. 

For the  granular samples, contours of the c ra te rs  were taken, from 

which prof i les  of the c ra te rs  were drawn, allowing determination of r i m  

depth, r i m  height, wall slopes, c r a t e r  cross sectional area, and true 

and apparent (see Ref. 2 )  crater  diameters. 

411 sol id  samples were stored; however, as the containers were re- 

used, the granular craters  were destroyed. 



RESULTS 

Impacts were made a t  normal and ks  degree incidence i n  so l id  

ta rge ts  of basa l t  and pumice. 

a t  normal incidence. 

c ra te r  paramebers as  functions of p ro jec t i l e  energy and material 

strength. 

A l l  impacts i n  granular material were 

Result8 obtained i n  a quantitative form express 

On materials i n  whicth insuff ic ient  t e s t s  were made t o  draw 

compelling conczusions of a quantii2lakive nakure, the quazitative aspects 

of the orater  formations w i l l  be discussed, as w i l l  a probable chrono- 

logical  sequence of c r a t e r  formatiQn f o r  each type of sample impacted. 

Results are  grouped according t o  sample material ,  

Solid Basalt-Normal Tncidence - 
Thirteen shots were made on sol id  basa l t  samples a t  normal inc i -  

dence. The primary feature of &he cra te rs  i n  sol id  basalt, samples 

are  the re la t ive ly  large spa l l s  that a re  sheared from the  c ra te rs ,  

The c ra te rs  themselves are  very shallow and wide, having a diameter 

t o  depth ra t io  of 7 t o  lo. 

intense shock effects ,  and i n  most cases, small sha t te r  cones very 

similar t o  Chose described by Midcilehurst and Kuiper (Ref. 5) may be 

seen i n  t h e  cent ra l  region of the c ra te rs .  

The central  regions exhibit  evidences of 

I n  many instances, the 

spa l l s  may be re-fitted i n t o  the  craters ,  and upon such re-f i t t ing,  the 

c ra te rs  are seen t o  be roughly polygonal i n  outline and conical in 
- 

prof i le ,  with an occasional m a t e r  being nearly c i rcular .  Fig. 7 shows 

such a crater with some of the spal ls  having been retained i n  place 

by the  wire gr id  attached t o  the surface t o  f i r e  Che strobe l i g h t  a s  

described above. This indicates t ha t  there i s  no gSeat amount of f w c e  
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behind the ejection of these spa l l s  from the craters ,  a f a c t  fur ther  

borne out by examination of motion pictures  of the impact process. 

Prom these, it may be seen t h a t  indeed the  spa l l s  a r e  the very bast 

major feature formed in the impact process. 

pact process i s  as follows: 

Chronologically, the i m -  

1. 

2. 

3.  

4. 

An 

The pro jec t i le  s t r ikes  the sample. Within 100 micro-seconds, 
the p ro jec t i l e  has s ta r ted  t o  dis integrate  and has crushed the 
central  c r a t e r  region ahead of i t s e l f ,  generating a very f ine  
cloud of e jecta  pa r t i c l e s  and pieces of the pro jec t i le .  This 
cloud departs the surface i n  a random manner, with seemingly 
no l imiting angle of departure. 

A.n intense pressure wave i s  generated by the impact, and t h i s  
wave begins to  break out small pieces of the sample surround- 
ing the central  region. 
and the pieces rebound fromthe c ra te r .  

A s  t he  pieces of  p ro jec t i le  and the small chunks of the target  
c l ea r  the surface, the building shear forces exceed the strength 
of the material, and the spalls break f r ee  and begin to  move 
laterally out of the crater .  

The pro jec t i le  further disintegrates,  

The intense pressure wave i s  reflected back through the thick- 
ness of the target ,  throwing the spa l l s  and some very small 
fragments underlying them upward from the surface of the 
target .  The impact procesq is  now complete. Some material  
may sett le back t o  the surface of the ta rge t  following the 
impact. 

impact photograph i s  presented i n  Fig. 6 showing the last  stages 

of 2 above and the beginning of 3 .  

resul t ing c ra te r  from 61, it may be seen tha t  the outlines of the spaJls 

a re  present a t  140 micro-seconds a f t e r  impact, but the spa l l s  themselves 

do not appear t o  have moved. However, many small pieces of the target  

material  and of the p ro jec t i l e  may be seen, having already cleared the 

surface, 

face of the t a rge t  and disintegrating. 

By comparison of Figs. 6 and 7 (the 

The remainder of the pro jec t i le  is  s t i l l  boring in tp  the sur- 
# 

Some rather interest ing quantitative data f o r  impacts in so l id  

basalt was obtained. 

i s  a log-log p lo t  of c ra te r  depth as  a function of the dimensionless 

This data i s  presented in Figs. 2 and 3.  Fig. 2 



parameter; - . According t o  Baldwin ( 2 )  and Charters (3) t h i s  vV3 

type of p lo t  gives a measure of the llcrushabilityll o r  energy absorp- 

t ion capacity of the  target  material. 

data f i t s  a s t r a igh t  line, and yields  

To the best  approximation, t h i s  

the relation: 

l I40 

Comparison of t h i s  re la t ion t o  a similar one f o r  v i s icu lar  basalt  w i l l  

be discussed a t  a l e t e r  point. 

I n  Fig. 3 i s  presented a log-log p l o t  of  c ra te r  depth vs .  projec- 

This data f i t s  a s t r a igh t  l i n e  t o  a very close degree, t i l e  momentum. 

and yields a relation: 

Log d = 0.51 l og (m)  - 0.788 (2 1 

Similar plots  f o r  c ra te r  volume yield 

of  e i ther  energy o r  material strength. 

I n  addition t o  other testing, one t e s t  was performed t o  determine 

the size-weight dis t r ibut ion of the e jec ta  resul t ing from an impact on 

so l id  basalt  a t  normal incidence. 

i s  shown i n  Fig. 38 with t o t a l  and percentage weight breakdown appear- 

ing i n  Table I. This test revealed tha t  more than 60% of the material 

removed fromthe c ra t e r  area i s  i n  the form of  par t ic les  more than 1,000 

micron diameter. Generally, these are  the spalled out fragments which 

produce the character is t ic  shape of t h i s  type crater .  

no simpLe relat ions as functions 

A photograph of  the sized e jec ta  

Solid Basalt& Degree Incidence - 
Craters i n  sol id  basa l t  a t  45 degree aagles of  incidence d i f f e r  

considerably i n  appearance from those a t  normal incidence, but very 



l i t t l e  i n  process of formation. These c ra te rs  are very shallow, 

with depths less than 0.1 inches f o r  the momentum ranges tested.  

This i s  due i n  la rge  par t  t o  the f a c t  t h a t  the p ro jec t i l e  is  de- 

f lec ted  from the  s l o p b g  ta rge t  rather than expending i ts  energy 

t o t a l l y  i n  the impact process, as is the case at normal incidence. 

The resul t ing c ra te rs  are  very uneveneas t o  prof i le ,  and are  so  shallow 

as t o  make judgements as t o  contour d i f f i c u l t .  Most of the spal la t ion 

occurs in a direct ion perpendicular t o  the path of the pro jec t i le  down 

the ta rge t  surface, leaving c ra t e r s  shaped somewhat l i k e  the out l ine 

of crude "figure eightsr  oriented a t  r igh t  angles t o  the pro jec t i le  

f l i g h t  path. 

type of crater.  Chronologically, thris process duplicates that  outlined 

above f o r  normal incidence. 

completed 1.5 milli-seconds a f t e r  impact. Note the rather  small spa l l s  

j u s t  leaving the t a rge t  surface, and tha t  the  spa l l s  a r e  among the  l a s t  

of the material t o  evacuate the crater ,  the  pro jec t i le  having long since 

Figs. 8-12 show c lear ly  the formation process f o r  t h i s  

Fig. 8 shows the impact process very nearly 

been deflected down the target  surface, 

of the high speed motion picture  f i L m s  of the impact process, and i n  the 

space of these 24 frames can be followed the en t i r e  c ra te r  formation, 

from the impact i n  the second frame of Fig. 9 t o  the point a t  which a l l  

Figs. 9-11 a re  pr in ts  from one 

material from the c ra te r  has cleared the surface i n  the l a s t  few frames 

of Fig. ll. This f i l m  w a s  picked up a t  a frame r a t e  of approximately 

4,000 pps during the f inal  stages of acceleration of the camera. By 

comparison w'ith the photographs, each of the stages of  c ra te r  formation 

outlined above may c lear ly  be seen, Fig. 1 2  shows the completed crater  
- 

formed by the impact of Fig. 8. Because o f  the extreme i r regular i ty  of  

shapes, it w a s  impossible t o  es tabl ish any empipical quantitative rela- 

t ions  f o r  the  c ra te r  formation process similar t o  those f o r  the normal 

incidence case,  



Vesicular Basalt-Normal Incideme 

Nineteen shots were made Q%I vesicular basal t  samples a t  normal 

incidence. The major character is t ic  of the  c ra te r  formfng process 

f o r  these samples was by crushing of the sample by the intense pres- 

sure wave propagated through the  sample a t  impact. The craters  were 

charac te r i s t ica l ly  of a crudely polygonal out l ine and generally were 

of a f a i r l y  uniformly conical p r  f i l e ,  

(d)  r a t i o  f o r  c r a t e r s  i n  vesicular basal t  was in the range from 2 t o  

3.75, t h i s  f igure contrasting t o  %he 7 t o  10 range f o r  s o l i d  basa l t .  

The inclination might hepe be to assume that there ex i s t s  some scale  

fac tor  re la t ing a ;3: range t vaqdng density; however, t h i s  does 

The diameter ( D )  t o  depth 

D 

not appear t o  be s o  in t h i s  case, as the variation i n  density i s  not 

D 
d nearly a s  great as  the var5ation 2n - f o r  the two types. The 

average density f o r  the s o l i d  basa l t  samples was 2.711 $ while 

inferred tha t  the  var ia t ion i s  a measure of the increased cmshabi l i ty  

of the vesicular samples. The evidence of  this  cmshabi l i ty  i s  pre- 

sented most c lear ly  by the photographic sequence of impacts in vesicular 

basa l t  a t  vary5ng times a f t e r  impact, shown i n  Pigs. 13-16. Each of 

these photographs graphLcally i l l u s t r a t e s  a d i s t inc t  phase i n  the forma- 

t ion  of craters  of t h i s  type. Chronologically, the formation process 

i s  as follows: 

l. The pro jec t i le  impacts the  ta rge t .  Almost immediately, a 
f i n e  cloud of e jec ta  pa r t i c l e s  i s  generated as the pro jec t i le  
cmshes the material immediately i n  Its path, The pro jec t i le  
is  deformed very l i t t l e  by t h i s  i n i t i a l  phase and continues t o  
penetrate the t a rge t ,  This phase i s  shown i n  Fig. 13. 

2. A s  the projec%ile penetrates fur ther  i n to  the target ,  as1 intense 
pressure i s  generated on all sides,  crushing the material from 



the c ra t e r  on a l l  sides.  The final outline of the c ra te r  i s  
now completed as t h i s  material is  thrown upward from the c ra te r  
with ve loc i t ies  of the same order of magnitude as  that of the  
pro jec t i le  . 
the c ra te r  area. 

Fig. I4 shows these la rger  pa r t i c l e s  leaving 
Note the now completed outline of +he c ra te r .  

3 .  The pro jec t i le  now continues to  bore in to  the centxal region 
of the c ra te r ,  crushing t h i s  area out t o  its f i n a l  depth; 
however, it now lacks the energy t o  d i s b t e g r a t e  material  i n  
a l a t e r a l  direction t o  any s ignif icmk degree. Hence, the  
crstter narrows t o  a flpointII a t  the  bottom. At t h i s  stage, 
a l l  material  classed a s  e jecta  has been thrown from the crater .  
The remaining material dislodged is  compressed in to  the f loo r  
and walls of $he c ra te r  formed in 2 above. Finally, the re- 
maining body of the p ro jec t i l e  rebounds from the crater,  and 
some material  ejected fromthe c ra te r  settles back t o  the  
ta rge t  surface. 
i n  a c lear  area boring into the central  c ra te r  region, a l l  
other e jec ta  having vacated the area around the ta rge t .  

Fig. 15 is  a photograph showing the pro jec t i le  

Fig. 16 shows the resul t ing c ra te r  formed by the impact of Fig. 2.5. 
Comparison of Figs, 2.5 and 16 reveals t ha t  no enlargemeqt of the c ra te r  

was accQmplished subsequent t a  Fig, 15, with the exception of same 

incSease i n  depth of the c ra t e r .  Fig. 1 7  presents a close-up view into 

a typical  c r a t e r  i n  vesicular basalt. NoCe the polygonality of the  auter 

r i m ,  and the discolored, crushed material imbedded i n  the c ra t e r  f loor .  

It i s  interest ing to  note tha t ,  occasionally, a pro jec t i le  seemed t o  

deviate from i t s  or iginal  t ra jectory a f t e r  impacting a target ,  and 

followed a "path of l e a s t  reqistance,rr usually breaking into an internal  

cavi ty  considerably larger  than the projectiLe i t se l f .  Such deviations 

of as  large a s  30 degrees were observed i n  a t  l e a s t  Cwo instances, and, 

in both cases, the pro jec t i le  w a s  lodged i n  a large in te rna l  vesicle  

o f  the  sample, nQt having been able t o  rebound from the c ra te r  due t o  

the change in direction result ing in entrapment. - 
A s  was the case i n  the so l id  basalt ,  a tes t  was conducted, the 

primarypurpose of which was collection of  e jecta  f o r  sizing examination. 

A photograph of  the sized ejecta  i s  presented in Fig. 39, wi th  accompany- 

ing weight data i n  Table I. Comparison pf  the data f o r  so l id  and 



vesicular basa l t  reveals %he more 

material. A cgnsiderably smal3,er 

crushable nature of the vesisulal.1 

proportion o f  material occurred in 

the ZargesC rangqs f o r  the vesicular basalt ,  and more material was 

observed i n  the intermediate sizes, t h i s  material evacuated by the 

impact pressure b l a s t  and crushed somewhat in the process. Ja the  

smaller ranges, the differences are primarily due t o  the lack of solid 

r e g i s t a c e  t o  the pro jec t i le  providing an iwediment strong enough 

fo r  pulveriza%ion of material  on the part of $he Vesicular material. 

Similar re la t ions as those of Eqs. (1) and (2) f o r  sol id  basalt 

have been obtjained f o r  vesicular basalt  impacts. 

i n  Figs. 2 and 3 .  

These a re  presented 

In  t h i s  case, the oorrespondPng equatiqn t o  (l) i s ; :  

and the corresponding equation t o  (2) is: 

It should be noted tha t  the slopes f Q $  corresponding relations 

are  isldentical, implybg tha t  there  ex is t s  Qome general form of re la -  

t ion f o r  depth of c ra te rs  as functions of momentvm and target  strength 

which is  a c h a r a d e r i s t i c  only of the energy Jevel of inrpgct, with 

ma,terial changes only tending t o  sh i f t  the  curve. 

argument i s  prQpounded rather extensively by Baldwin, and, t o  a lepser  

degree by Charterg, although a31 other work is done i n  a much larger  

s ize  a d  energy range. 911 evidenoe here presented wquld tend t o  

support these theories.  

gakion of reAationships invglving volume and diameter produced no such 

sipple re la t ions as functions of momentum and/or target  strength. 

This same type of 

- 
Aq was the case with the so l id  basalt,  inyest i -  



Besicular Basalt-4s Degree Incidence 

There ex is t s  very l i t t l e  difference i n  the c ra te rs  formed a t  a ,!6 

degree incidence i n  vesicular basallt and those formed a t  normal inqidence 

with respect t o  method of formation. 

diffesences appear t o  be i n  the slopes of the c ra te r  walls, and, t o  some 

degree, the c ra te r  outl ine.  

times approaching perpendicularity to  the ta rge t  surface, while the tfup- 

I n  physical appearance, the only 

The "dowhill" walls a r e  very steep, a t  

h i l l t '  walls a re  of a f a i r l y  shallow slope, on +he order of 20 t o  30 

degrees re la t ive  t o  the surface. 

i n  p l m ,  due t o  the  incidence angle, but rcemain basical ly  conical. i n  

prof i le .  This, again, i s  indicative of the increased crushabili ty of the 

vesicular samples, i n  t ha t  $he pro jec t i le  i s  retained t o  a mwh greater 

degree rather than being deflected from the  tayget surface. 

c ien t  number of  impacts was performed t o  obtain quantitative relat ions 

f o r  these impacts. 

The c ra t e r s  a re  somewhat eLliptica1 

An insuffi-  

Pumice 

Five type9 of so l id  pumice samples were impacted, these types rang- 

ing i n  density from approximately 0.35 gm/cc t 9  1.8 gm/cc, t h i s  upper 

&Limit approaching the density of vesicular basal t .  Each type yielded a 

very d i s t inc t  c ra te r  shape and, when considered as a eequence, a pat tern 

of c r a t e r  shapes emerges. 

f a i l ed  t o  impede the progress of the pFojectile, which completely pene- 

t r a t ed  the samples (samples were 4 inches i n  thickness) with very l i t t l e  

deformation, leaving a burrow very close t o  pro jec t i le  diameter thrzugh 

the sample. 

sequence in Figs. 18-21. 

The l e a s t  dense of these samples t o t a l l y  

The shape of the other four types a re  shorn a s  a photographic 

Fig. 18 shows the  c ra te r  produced in rather  coarse grained pumice 

of density 0.65 gm/cc. The c ra te r  consists of a deep, narrow burrow 
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approximately twice the diameter of the  p ro jec t i l e  and two inches deep, 

The pro jec t i le  may be seen resting a t  the  bottom of the  burrow. 

c ra te r  i s  produced en t i re ly  by crushing action of the pro jec t i le .  

Samples of suff ic ient  porosity, such as  th i s ,  allow escape of the pres- 

sure wave normally generated by impact; t h i s  accounts f o r  the  narrow 

Qature of the c ra te r .  

c ra te r  of t h i s  type, but i s  rather compressed in to  the sides and bottom 

of the c ra te r  preceding the pro jec t i le .  

T;bis 

Extremely l i t t l e  material i s  thrown out of a 

In  pumice having a density of approximately l gm/cc, the c ra t e r  

shown i n  Fig. 19 i s  of a markedly different  shape. 

s t i l l  fa i r ly  deep, i s  e l l i p t i c  i n  nature, indicating a decrease i n  

porosity causing retention of the pressure b l a s t  within the crater ,  t h i s  

i n  turn producing the e l l i p t i c i t y  of the c ra te r  and eject ing a s ign i f i -  

cant amount of material  from the crater.  

i n  the crater ,  but it is  not res t ing on the  bottom of the  crater. 

the pro jec t i le  appears t o  have rebounded t o  some degree, and then f a l l en  

back t o  i t s  f i n a l  position. The amount of material retained in the  cra- 

t e r  i s  not substant ia l ly  d i f fe ren t  from t h a t  remaining in t he  c ra t e r  of 

Fig. 18, being 36 grains in weight and 30 grains, respectively. 

This crater ,  while 

The pro jec t i le  may be seen 

Rather, 

The t h i r d  type of crater ,  and possibly the most famil iar  type of 

c ra te r  t o  be found i n  crushable material, i s  shown i n  Fig. 20. 

c ra te r  has a small entry hole of about two p ro jec t i l e  diameters opening 

in to  an almost perfect  e l l i p t i c a l  iylterior. 

shallow, only 1.2 inches deep. 

c ra te r  i s  produced mainly by the impact pressure blast .  

shown most graphically i n  Fig. 23, an impact photograph of the c ra te r  of 

Fig. 20, taken 880 micro-seconds a f t e r  impact. Note that the intense 

pressure has opened small j e t s  a t  points several  p ro jec t i le  diameters 

This 

The crater  i s  much more 

The sample density is  1.37 gm/cc. This 
d 

This b l a s t  is 
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from the entry hole, with material being vented from a l l  of them, as well 

as from the entry hole i t s e l f .  

of material of t h i s  type, appearing i n  a l l  of the samples impacted. 

theless,  substant ia l  amounts of material remain in the crater ,  being 

These small j e t s  a r e  very character is t ic  

None- 

extremely compacted and adhered to  the en t i re  in te rna l  surface of the 

c ra te r .  

t o  making the photograph of Fig. 20. 

Twenty one grains of such compacted material were removedprior 

The f i n a l  type of pumice c ra te r  is shown i n  Fig. 21. This c ra t e r  

i s  more l i ke  t h a t  produced i n  vesicular basa l t  than l i k e  the pumice 

formations of the preceding eases. 

impact pressure and shear forces, producing some spallation. 

however, substant ia l  amounts of compacted material. remain adhered t o  the 

c ra te r  walls. There i s  one feature  peculiar t o  t h i s  type of pumice 

c ra te r  which was produced i n  no other samples tes ted.  

appearance of a central  c ra te r  elevation. This elevation, v i s ib le  i n  

Fig. 2 1  and shown i n  close-up view i n  Fig. 22, was produced i n  each of 

four samples of t h i s  type impacted, dl such elevations being very 

similar i n  appearance. 

imately 0.125 inches above the crater  f loor ,  and i s  f l a t  topped. 

does not consist of compacted material compressed into the crater f loor,  

but i s  firmly attached, indigenous c ra te r  material. 

It i s  produced by a combination o f  

Again, 

This i s  the 

The elevation i s  round, has a height of approx- 

It 

Thus the  pat tern emerges; from deep narrow burrow, t o  e l l i p t i c a l  

burrow, t o  shallow e l l ipse ,  t o  the impact-shear c ra t e r  with increasing 

sample density, the c ra t e r  shape is  governed by the a b i l i t y  o r  the ta rge t  

t o  re ta in  the  pressure b l a s t  following impact as well as the  degree of 

crushabili ty of the ta rge t .  



2 1  

Granular Basalt 

It is in the area of impacts in granular samples tha t  some corre- 

la t ion  of photographic evidence with lunar craters may be made. 

nation of' the resul t ing c ra te rs  i n  granular material shows several trends. 

Exami- 

In the basa l t ic  material of  l e s s  than 12.5 micron size,  the c ra te rs  

are shallow, steep-walled, and exhibit rather f la t  floors.  The c ra te r  

r i m s  are  only s l i gh t ly  raised, and t h i s  raised e f f ec t  is  of a very 

narrow nature, being more l i k e  a precipitous band surrounding the crater,  

dropping steeply and s h a q l y  t Figs. 24-26 show three 

views of such craters .  

r i m .  

considerable amount of agglomeration of material on the surface. 

agglomerated rrlumpsrP are  m i f o m l y  dis t r ibuted over the surface, both 

within the c ra t e r  and i n  the area surrounding the ramparts. 

evidence of fo ld  o r  flow l i n e s  indicative of post  formation slumping i n  

these craters,  but from general appearances, spec i f ica l ly  the texture and 

the c ra t e r  f loor .  

Hote i n  Fig. 2.5 the sharp r i s e  and drop of  %he 

Another interest ing feature  of c ra te rs  i n  t h i s  type material i s  the + 

These 

There i s  no 

color of the f l o o r  material a t  the outside of the c ra te r  as  opposed t o  

t h a t  a t  the center, there ex is t s  a t  l e a s t  a very good poss ib i l i ty  that 

the formative process involved simultaneous collapse of overhanging rims 

during the impact process, the or iginal  shape be-ing more on the  order of 

the c ra te r  in so l id  pumice shorn in Fig. 20 and the material lacking the 

cohesiveness t o  sustain such a shape. The resul t ing collapse, dumping 

material  in to  the crater ,  would tend t o  account both fo r  the f l a t  f loors  

and the steep walls. 

the photographs ,, 

This h e r  r ing of mater5al is  c lear ly  v is ib le  i n  
I 

A high speed motion picture  was  made of the impact process i n  the 

c ra t e r  of Fig. 26, and, though the f i e l d  of view was too small t o  ver i fy  

the hypothesis above, the f i l m  d5d show several very interest ing features 
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of the  inpact process f o r  such materials. The most unusual feature of 

the impact i s  t h a t  it does not appear t be a smoothly continuous 

process, but i s  rathey of an impulsive nature, with three o r  four dis- 

t i n c t  phases. These are: 

l. A s  the p ro jec t i l e  s t r ikes ,  a dish-shaped cra te r  i s  immediately 
formed. This c ra te r  begins t o  expand: uniformly, and large 
amounts of‘ material  are b lom out in a conic pattern, the angle 
of t h e  cone r e l a t ive  t o  the target  s u ~ f a c e  bein 40-60 degrees. 
T h i s  i n i t i a l  crater  very s on (20 milxi-seconds ’j reaches a l i m i t -  
ing s ize ,  however, and fo r  a time, very l i t t l e  motion is observed 
on the ta rge t  surface, %rad almost no material  i s  ejected from the 
crater 

2. mi8 k i t i a l  craPter begins t decay, as though a force were beipg 
exerted on it from wTthin the sample tending t o  rfturn it inside- 
ou% ., tr Within th i s  phase, there are several  separate, impulsive 
discharges of material from the cratey, in random directions.  
Z%e impact process has, a t  this point ,  been iyl progress about 100 
to 125 milxi-seconds 0 

3 .  Follodng the second phase, there occurs a rather unusual looking 
phase, about which there  i s  some doubt as t o  cause. 

n begins a sudden and very rapid (approaching the i m -  
pact  veloci ty  of the p ro jec t i l e )  displacement of material  i n  a 
l a t e r a l  direction, with t i gh t ly  spaced concentric ripples surround- 
ing  the impact point expanding very rapidly away from the impact 
point.  Immediately, t he  base of the pro jec t i le  i s  made v i s i b l e  
by the evacuation of material surrounding it, but the p ro jec t i l e  
is not continukg i n t o  the target ;  rather, it is  e i ther  being 
thrown from, 5r9 is  yebounding f r s m t h e  c ra te r .  As the l a t e r a l  
displacement of  material continues, there i s  very l i t t l e  evidence 
of mateFlia.1 being actually ejected from t h e  target  surface. The 
p ro jec t i l e  c lears  the ta rge t  surface. 

The central  

4. The pmjeek i l e  i s  now tumbling immediately above the impact point. 
the impact process is  approximately 250 t o  300 milli-seconds 
a f t e r  Tmpact. Very suddenly, the ta rge t  surface, u n t i l  now appear- 
ing t o  be more f l u i d  than sol.id, so l id i f ies ,  seeming t o  
in posit ion.  
t h i s  phase, 
more than half buried by its 
material remaining above the c ra t e r  falls  back t o  the surface, and 
the impact prmess is  cmpleted. 
most one half second has elapsed, 

The agglomeration of matertal  i s  simultaneous with 
The p ro jec t i l e  s e t t l e s  back t o  the  c ra t e r  f loor,  being 

mommtum, A small amount of 

&om impact t o  completion, al- - 

There a re  two poss ib i l i t i e s  as to t he  cause for t he  events described 

i n  s teps  three and four: Ei ther  it is  a natural  phenomenon pecul iar  t o  

impact c ra te rs  i n  t h i s  type of material, o r  it fs an a r t i f i c i a l l y  induced 

ef fec t  due t o  the  apparatus used, These possibilities w i l l  be more fully 
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discussed a t  a l a t e r  point. 

Another occurrence peculiar t o  t h i s  type material was t h e  fortnaDion 

of a hard, compacted cone of material  on t h e  impacting face of the pro- 

j e c t i l e ,  

l e s s  than 125 micron s i ze  and i n  no other instances,  

t ion is shown i n  the in se t  t o  Fig. 26. 

This formation occurred on a l l  shots made in granular basa l t  

This type forma- 

The second type of c ra t e r  produced i n  granular basalt ,  occurring i n  

material from 125 t o  $00 micron size,  i s  the double conical shape, shown 

i n  Figs, 27 and 28. 

conic crater ,  surrounded by a Large, dish-shaped crater .  Both c ra te rs  

have smooth contours and marked raised r i m s .  In contras-b t o  the smaller 

pa r t i c l e  size,  there is almost no agglomeration of material f9r t h i s  type. 

The dominant character is t ics  of these c ra te rs  are  the smooth continuity 

o f  all features.  

rounded raised rims sloping 

These c ra te rs  a r e  characterized by a def in i te  central  

There are no sharp breaks o r  steep slopes, qnly gently 

smoothly t o  the c ra t e r  f loors .  

I n  material larger  than 500 microns, the inner c ra te r  disappears, 

leaving a large dish-shaped c ra t e r  having smooth contours and a very 

c i rcu lar  plan, Such a crater  is shown i n  Fig. 29. These craters  are 

fa i r ly  deep and possess low, wide rims, unlike the previous cases i n  

which the  r i m s  were higher r e l a t ive  t o  the  c ra t e r  depth and considerably 

more narrow re la t ive  t o  the cyater diameter. 

Examination of Ref. l reveals qui te  a d i f fe ren t  type of c ra te r  for-  

mation i n  similar material with a d i f fe ren t  type of project i le ,  but 

within the same momentum range. 

cussed l a t e r .  

Possible causes f o r  th i s  w i l l  be dis- 
/ 

Granular Pumice 

O f  the fourteen t e s t s  cosducted i n  granular material, s ix  were i n  

granular pumice, One shot each was f i r e d  in 10-37 and 37-63 micron s i ze  
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ranges and the remaining four were in 62-12.5 micrQn s ize ,  varying 

p ro jec t i l e  momentum t o  ascertain the changes in c ra t e r  parameters, 

As was the case in the granular basalt  t e s t s ,  c ra te rs  were typed i n  

s i ze  ranges. 

samples were not of corresponding ranges, but were of smaller s ized 

However, the corresponding m a t e r  shapes i n  the: purqice 

material. 

I n  the l o  t o  37 micron sample, a stirble c ra te r  was formed of the 

type hypothesized fo r  the finely ground basa l t .  The c ra t e r  had a c i r -  

cular entry hole approximately two inches in diameter opening in to  a 

larger  i n t e rna l  cavity. 

but was very delicate.  

chamber, the c ra te r  overhangs oollapsed in to  the crater,  yielding the 

result ing formation shown in Fig. 30. 

those i n  the 37-12s micron range in the basa l t ic  material, in that it 

has a re la t ive ly  f la t  f loor ,  very steep walls, and s l igh t ly  raised rims 

termhat ing s h a r p l y i n  the  drop to  the c ra te r  filoor. 

a considerable degree the hypothesiaed simultaneous collapse of over- 

hangs i n  the previous case. There are, though, considerable differences 

The c ra t e r  was s table  i n  this configuration, 

In  attempting t o  pemove the sample from the 

This c r a t e r  resembles very much 

This supports t , ~  

between the c ra t e r s  in the  two d i f fe ren t  types of material, 

c ra te r  possesses a very d i s t inc t  and w e l l  formed ray system. 

system i s  very evident i n  Fig. 30. 

deeper than those fomd i n  ei ther  of the basa l t ic  ranges, being nearly 

three inches deep, as  opposed t o  the average of about 1.75 inches f o r  

the  basalt .  

I n  this photqgraph can be seen the beginning of t h e  ray system, and, of 

The pumice 

This 

The pumice c ra te r  is a lso  much 

Fig. 32 shows a close-up view of the r i m  of the crater .  

par t icular  note, the steepness of the walls and the compacted fractures,  

rather than slumping, which produced the collapse of material in to  the 

crater .  It may be seen t h a t  the material  which d id  collapse in to  the 
-_ 
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cra te r  i s  highly agglomerated, seeming t o  consist  of individual lumps 

o r  clods, ra ther  than as a mass. 

A motion p ic ture  was made of this impact, and it shows much of the 

same type of formation a s  t h a t  in the previously detai led basalt  case. 

The fornation of the  c ra te r  i n  t h i s  case i s  also impulsive in nature, 

with a t  l e a s t  three separate discharges of material from the c ra t e r  

interspersed with periods of e i ther  re la t ive  inackivity o r  Lateral move- 

ment of the ta rge t  surface. However, the project i le  did not rebound from 

the c ra te r  in t h i s  case, and the l a t e r a l  movement o f  material was neither 

as rapid nor a s  s ignif icant ,  mass-wise, as tha t  i n  the basal t ic  aase. 

camera view of t h i s  impact was somewhat hindered by the increased amowts 

of material ejected from the c ra t e r  in the i n i t i a l  phases of fomation 

blocking out the l i g h t  sources, and, hence, not as  detai led an acc0un.t of 

the c ra te r  formation can be presented. 

The 

The cra te r  produced in the 37-63 micron s i ze  i s  very similar t o  both 

the  collapsed 10-37 micron pumice crater  and t o  those i n  the f ine ly  

ground basal t .  The surface contour i s  smoother than i n  the previous 

pumice crater ,  with the material  around the outside walls forming a small 

hump, a s  though a bisected torus  were rest ing in the c ra te r .  

however, did not have the appearance of a double cone, a s  the cent ra l  re- 

This crater ,  

gion 

base 

as a 

as a 

was very near ly  of the same depth as the f l o o r  immediatexy a t  the 

of the w a l l s ,  

The c ra t e r s  produced in the  62-125 micron pumice should be considered 

group, w2th emphasis placed on changes i n  the  c ra te r  character is t ics  

result of changing momentum. A l l  of the c ra te rs  in this material a r e  

d i s t inc t ly  double conical, and a l l  are  within 1% of the same r i m  diameter. 

Figs. 32-37 demonstrate the  physical var ia t ion of the  c ra t e r  shapes with 

increasing energy. The most s ignif icant  of these are: 
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1. Decreasing contour smoothness with increasing momentum. In 
the  low energy impact (Figs. 32 and 33), the  contours of the 
c ra te r  are dl smoothly curved. 
the inner crater  r i s e s  smoothly from the la rge  c ra te r  f loor  
and the slope in to  the inner c ra te r  i s  very continuous. Note 
a l so  the smooth, very d i s t i n c t  ray pa t te rn  evident around the 
inner cone, but t h a t  the rays a r e  absent from the ramparts of 
the large c ra te r .  There i s  some evidence of agglomeration of 
material, with most of the agglomerated lumps occurring on the 
upper slopes of the la rger  c ra te r .  

The raised r i m  bordering 

2. Decreasing diameter and increasing depth o f  the h n e r  c ra te r .  
I n  comparing Figs. 32, 34, and 35, it is easi ly  seen tha t  the 
diameters of the inner cones are  decreasing considerably, but 
s t i l l  a re  remaining basical ly  c i rcu lar .  
inner c ra te rs  a r e  .75 inches, .85 inches, and .95 inches respec- 
t i v e l y  

The depths of these 

3. The appearance of  a l'hardened" surface with increased momentum. 
The c ra t e r s  of Figs. 34-37, i n  a higher energy range, have a 
surface which has formed a tfcrustrr over it, This state is 
responsible f o r  the very sharp breaks in to  the inner c ra te rs  of 
these samples, a s  shown in Figs. 36 and 37. 
shows a s l i gh t  overhang in to  the  central  c r a t e r  f o r  the highest 
energy shot of t h i s  group. 

Fig. 37 ac tua l ly  

4. Shifting of posit ion of agglomerated material. The small lumps 
appearing in the  higher energy shots a re  closer t o  the inner cra- 
t e r  r i m s  than were those of the lower energy case. The probable 
explanation of t h i s  comes from consideration of the var ia t ion of 
contour of the inner c ra te rs .  The inner c ra te r  of the lowest 
energy shot i s  more of a hemispheric nature, while the other two 
a r e  nearly conical. 
produced by compression ahead of the pro jec t i le ,  as i s  reasonable 
t o  assume, then the smaller slope of the inner  crater  i n  the 
lower energy shot would allow a lower trajectory,  giving more 
distance, than would t h e  steeper-walled c ra te rs  following, if  
the material  was  ejected from the  f loor  of the inner cone. 

If these compacted masses of material were 

5.  The appearance of post-formation slumping i n  the higher energy 
shots. 
shown i n  the photographs. 
evident i n  the central  c r a t e r s  f o r  both of the higher energy 
shots, but none are  present in the low energy case. 
indicate tha t  i n  the higher energy shots, very steep walled 
inner c ra t e r s  a re  formed. 
than the angle of repose even of t he  compacted material i n  which 
they a r e  formed. Therefore, as  the impact process i s  beins com- 
pleted,  and the pressure wave subsides, o r  possibly as a rare- 
fact ion wave i s  reflected back through the material, these slopes 
collapse and flow in to  t h e i r  maximum angle of repose, producing 
the c ra t e r  shapes seen i n  the photographs. 

The evidence of t h i s  type of aetion is  very c lear ly  
The fo ld  o r  flow l i n e s  are  very 

This would 

These c ra t e r s  have slopes greater 

I n  addition t o  these physical changes, some quantitative data was 

assembled f o r  these craters .  Figure 4 gives the var ia t ion of volume of 



27 

the c ra t e r s  i n  62-125 micron granular pumice as a function of pro- 

j e c t i l e  momentum. In  Figure 5 is presented a relat ion which lends 

increased authority t o  the fluid-type impact described above. 

5 is  a log-log p lo t  of crater  depth versus momentum f o r  the 62-125 

micron pumice samples and f o r  the  basa l t ic  samples of a s i ae  range 

greater than 1,000 microns. - Comparison of t h i s  curve (noting that  i n  

a l i nea r  scale, the curve would be even more pronounced) t o  the r e su l t s  

given by Charters (Ref. 3)  indicates  t ha t  these impacts a re  taking 

place in the t rans i t iona l  range of f lu id ic  impacts, between the case of 

simple impact force produced craters ,  and the hypervelocity range, i n  

which the p ro jec t i l e  vaporizes and the resul t ing c ra te r  i s  comparable t o  

an explosively formed crater .  

Figure 



DISCUSSION OF RESULTS 

Several points  of in te res t s ,  as w e l l  as possible evidences of 

deviation from expected and/or usual behavior were observed during the 

course of the investigation. While it would not be correct t o  attempt 

t o  expand limited deviations of a single o r ,  a t  most, two o r  three 

ocaurrences, t o  a generalized statement, these deviations do merit 

mention and some discussion. 

possible a l ternat ives  ex is t  a s  t o  a cause-effect relationship f o r  a 

Also, there were some cases i n  which two 

repeated occurrence, and it was impossible t o  determine the t rue  cause. 

These cases, too, merit discussion. 

w i l l  be here presented. 

It i s  t h i s  type occurrence which 

Solid Samples - 
Actually, there were two types of vesicular basa l t  made available 

f o r  tes t ing;  but,  since the second, denser, type was made available a t  

a time when the programmed sequence of impacts i n  vesicular basa l t  had 

been completed, only one shot was made i n  t h i s  type. It did, however, 

show up an interest ing possibi l i ty ,  one which was further supported by 

two tests made in pumice samples. 

cate  that a s  the re la t ive  volume of the vesicles  decreased, a continuous 

The r e su l t s  of this  t e s t  would indi-  

s h i f t  i n  c ra te r  formation would take place from the crush-produced conic 

form typical  of vesicular basalt t o  the impact-shear type of the so l id  

basal t .  This implies, a t  l e a s t ,  t ha t  there ex i s t s  a l imit ing point, 

which should be definable, a t  which spallation would occur with fur ther  

decreasing vesicular volume. Such definit ion would allow c lass i f ica t ion  
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of densi t ies  by examination of the  type c ra t e r s  produced, given some 

IcnowXedge of the impacting body. 

density ranges of a material, examination of the c ra te r  type would pro- 

vide some indication as to  the energy of the impacting body, and coupled 

with the  relat ions given above in Eqs. ( 2 )  and (4) could give a rather 

goad def ini t ion of  such a body. 

Conversely, given a knowledge of the  

This same type of reasoning is also t r u e  fo r  the pumice material, 

and indeed, i n  the pumice tes t s ,  t h i s  l i m i t  w a s  passed and spallation- 

dominated c ra te rs  were produced. 

There was evidence tha t  i n  the pumice samples, the pro jec t i le  t r a -  

jectory re la t ive  t o  the grain direction o f  the target  influenced the 

c ra t e r  shapes t o  a s ignif icant  degree., 

comes from the  two shots f i r e d  i n t o  so l id  pumice samples a t  a 45 degree 

angle of incidence. 

would be expected tha t  t h i s  would be the case with one of the  samples, 

of the densest type, it was not expected in the second case. 

The supporting evidence f o r  t h i s  

In  both cases spal la t ion was produced. While it 

This 

sample was of the  type shown in Fig. 19. 

still  of  t he  same nature, but the entry hole had been great ly  enlarged 

by the shearing out of  spa l l s ,  which, when r e f i t t e d  in to  the  crater ,  

gave an almost ident ica l  crater  t o  t h a t  of Fig. 19. 

t e s t s  of t h i s  type were performed, it was not considered conclusive t o  

a degree t o  merit formal presentation, but there  i s  the implication, a t  

l ea s t ,  of marked cra te r  changes in crushable materials with changes i n  

orientation of grain l i n e s  re la t ive t o  the ittrpact t ra jectory,  

The main body of  the c ra te r  was 

Since only two 

Granular Samples 

As data reduction proceeded f o r  evaluation of the craters  produced 

in granular material, it became evident t h a t  there existed a reasonable 

doubt as t o  the v a l i d i t y  of  any generalized conclusions expandable t o  
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conditions other than those under which the  specific impact was conducted 

f o r  c r a t e r  formations in granular material. 

by several occurrences and/or If coincidences, f f  these same coincidences 

appearing to  show up also i n  work of the same type performed by Gault, 

e t .  a l .  (Ref. 4) .  

These doubts are  prompted 

- -  
first among these occurrences i s  the remarkable recurrence of 

c ra te rs  having almost exactly the same r i m  diameter, while the impacting 

pro jec t i le  momentum varied as much as 50%. 

si tuat ion was evident f o r  each material  in which more than one impact 

was conducted, and in groups of similar materials as well. 

the  work of Gault (Ref. 41, it i s  notable tha t  from all appearances, 

t ha t  i n  similar materials, he, too, produced cra te rs  very nearly the same 

diameters, even while varying the angle of incidence of the impacts. 

This recurring diameter 

In  examining 

The second item is  tha t  of the double conical c ra te r .  I n  a survey 

of published l i t e r a t u r e  dealing with impact studies, i n  no case was 

there found a mention of a consistently produced cra te r  bearing even a 

famil iar  resemblance t o  the repeated double conics described above. There 

were cases of central  burrows in sol id  targets ,  but i n  a l l  cases of granu- 

lar  targets,  laboratory produced cra te rs  were more o r  l e s s  of the shape of 

those of Fig. 29. 

The third item is  the  impulsive nature of the  c ra te r  formation and 

t h e  observed l a t e r a l  displacement of  material and subsequent rebound of 

the  projeckile evidenced i n  the high speed motion pictures of several 

of the granular samples. c 

The obvious connection re la t ing  a l l  of these features,  a question 

which has not been answered, i s  this: I n  the formation of a l l  laboratory 

produced craters ,  t o  what extent does the confinemenk of the target 

material in a l imited container influence the result ing crater?  



There are onlytwo possible explanations f o r  each of these occurrences. 

Ei ther  they are a natural  phenomenon, i n  which case a l l  such cra te rs  should 

obey the same l a w s  and restr ic t ions,  o r  they are am a r t i f i c i a l l y  produced 

feature,  generated by the tes t ing  apparatus. It would seem doubtful. t ha t  

t rue double conical c ra te rs  would be consistently produced in one case 

and not i n  another, were only natural  phenomenon acting i n  such production. 

Rather, it might be suggested tha t  the influencing fac tor  involved i s  the 

depth of the mater ia l  being impacted. The c ra te rs  produced by Gault bear 

much resemblance t o  the larger  c ra te rs  described above, but the sample 

depths were considerably l e s s .  

the increased depth i s  the responsible fac tor  fo r  the double conical shape. 

This is  a question which should be answered, 

The obvious question then i s  as  t o  whether 

Regarding the question of similar diameters, it is almost compelling 

t o  acknowledge the e f fec ts  of the containers on the craters .  

did the r i m  slope of a c ra te r  return t o  the horizontal within the confines 

of the container, 

Gault. Another question i s  posed as t o  the  e f fec t  of an immovable, energy 

ref lect ing bar r ie r  imposed within the sphere of influence of the impacting 

pro jec t i le .  

In no case 

From his  photographs, the same i s  tmze of the  work of 

This same effect ,  t h a t  of energy reflection, offers  the best explana- 

t ion  of t h e  impulsive formation of the  granular craters ,  and offers  v i sua l  

evidence t h a t  there is some container effect .  The continuous ref lect ion 

of pressure waves from the f loo r  and walls of t he  surrounding container 

would very w e l l  explain both the impulsive nature and concentric motion 

of material evidenced in the formation of the granular c ra te rs .  

question arises as t o  the  process of c ra te r  formation i n  the absence of 

such res t r ic t ions .  

A th i rd  

These questions cannot eas i ly  be answered, but without answers, there 
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i s  a t  l e a s t  a reasonable doubt as t o  the va l id i ty  of expansion of labora- 

to ry  produced impact data t o  a general case. 

There i s  one fur ther  occurrence which merits discussion. In  previous 

Work, using a larger  caliber p ro jec t i l e  (Ref. I), several c r a t e r s  were 

produced in granular basalt of a s i ze  range similar t o  those of Figs. 2& 

t o  26, 

described qbove, but were deep, hemispherical pit;s, with very l i t t l e  evi- 

dence of raised r i m s ,  

nearly the same. 

the size of the impacting p ro jec t i l e  to  the mean grain s i ze  of  the i m -  

pacted makerial. The hemispherical craters  were reproducible wi th  the 

larger  cal iber  acceleratcm, as  were the flat-floored c ra t e r s  with the 

smaller cal iber  i n  the same energy range. 

effect  would allow increased def ini t ion of an impacting body producing 

a measurable crater  i n  a known ma-berial. 

The resul t ing c ra te rs  bore very l i t t l e  resemblance t o  the ones 

The momentum ranges f o r  the two impacts were very 

This ra i ses  the  poss ib i l i t y  of a s ize  e f fec t  re la t ing 

Determination of such a s i ze  



CONC LUS TONS 

From the experiments performed, it may be concluded tha t  there 

a re  def ini te  types of c ra te rs  associated with specif ic  materials 

subjected t o  impacts i n  a given energy range. The data gathered 

supporb %he theory of Baldwin and CharCers tha t  there ex is t s  a 

general re la t ion  f o r  a l l  c ra te rs  produced i n  so l id  materials which i s  

a function only of the impacting energy, apd t h a t  difference i n  mate- 

riala $ends only t o  s h i f t  the reference origin f o r  the relat ign.  

It was found tha t  i n  granular samples, such types also existed, 

and some quantitative data fur ther  supported the f l u i d  impact theory 

of Charters. Howeyer, it is  deemed necessary to  acknowledge tha t  

there  i s  some influence i n  the  fomnation of  the granular c ra te rs  due 

t o  %he confinemen& of the samples within containers. 

Generally, the experiments performed may be considered an exten- 

sion of t he  general c ra te r  theory in to  a much smaller scale impact 

range than had heretofore been considered, such theory being upheld 

f o r  the c ra te rs  produced and the energy ranges considered, 
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APPENDIX A 



TABLE T 

Reference t o  Figs. 38 and 39 

Total e jeata  weight 

Legs t h w  44 micron 

44-63 micron 

63-225 micron 

125-250 micron 

250-500 micrQn 

5OO-1,OOO micron 

Greater than 1,000 miqron 

Percentage Weight 

Less than 44 micron 

b4-63 micron 

63-3-25 micron 

125-250 micron 

250-500 micron 

590 -1, OOO micron 

Great;er than 3,000 micron 

Sol id  Basalt 

110.Lc gr. 

3.2 gr. 

2.8 g r ,  

7 .1  gr. 

8.0 gr.  

13,*4 gr. 

14.65 gr.  

64.25 gr. 

2.89 

2.53 

6.43 

7.24 

10.32 

13.26 

44 25 

Vesicular Basalt 

98.8 gr .  

00,8 gr .  

4,4 gr.  

5.1 gr .  

7.4 gr .  

13.8 gr .  

15.7 gr .  

51.6 gr. 

0.80 

4.45 
5.16 

7.48 

13 e 96 

15.89 

51.6 
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--s-------------Gun Tube 

3rd Level 

..c------ Baffle Chamber 

ucIc.cIL.c LN, out 

rc--.--------c Upper Tube 

- Upper Observation Section 

--* LN, out 

2nd Level - Lower Tube 

Lower Observation Section Manifold With Vacuum 

%- Impact Chamber 

Sketch of Impact Chamber System 

Fig. l 
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0 = Vesicular Basalt 
-0.9 

A - Solid Basalt 
-0.8 

-0.7 

-0.5 

-0.4 

-0 .3 

-0.2 

0 .I 0.2 0 . 3  0.4 0.5 0.6 077 0.8 0.9 1. 
1 1 

Fig. 2 
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tz .O 

0.9 

0.8 

Q.7 

0.6 

D -5  

Q .L 

0 . 3  

0.2 

0 = Vesicular Basalt 
b = Solid Basalt 

0 .I 0*2 0 * 3  0.b 0.5 0.6 0.7- 0.8 0.9 1 . c  
I 

mv 

Fig. 3 
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- 26 
Granular Pumice, 
62-125 micron size 

- 22 

- 20 

-18 

-16 

-14 

-12 

3 0.2 0.25 0.3 
51 I 
\ 

mv 

Fig. b 
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I 10 
0 - Granular Pumice, 

62-125 micron size 

A = Granular BasaXt 
> 1,000 micron size 

0.2 1 0.3 0.4 0.5 0,6 0.7 - 0.8 0.9 1.0 
I I 1 I I 1 

mv 

Fig. 5 



42 

Impact photograph i n  so l id  basalt 
140 micro-seconds a f t e r  impact 

Fig. 6 
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Typical c r a t e r  i n  s o l i d  basal t  

Fig. 7 



44 

Impact photograph i n  solid basalt 
a t  45 degree orientation. 1,s 
milli-seconds after impact. 

Fig. 8 
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Impact sequence in so l id  basalt-  
from 16mm motion picture  f i l m .  
Frame r a t e  5,000 pps 

Fig. 9 



Continuation of  impact sequence in 
so l id  basalt a t  4.5 degree orientation. 

Fig. 3.0 
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Continuation of impact sequence in 
solid basalt at 4s degree orientation. 



48 

Typical crater  i n  so l id  basa l t  
a t  4.5 degree orientation. 

Fig. 12 



Impact sequence in vesicular basalt. 
2.22 milli-seconds after impact. 

Fig. 13 



Impact sequence in vesicular basalt. 
3.65 milli-seconds after impact. 

Fig. 14 



Impact sequence in vesicular basalt. 
4.20 milli-seconds after impact e 

Fig. 15 



Impact sequence i n  vesicular basalt .  
Typical c r a t e r  a f t e r  impact. 

Fig. ~6 



53 

Close-up of typical c ra te r  in vesicular  basal t  

Fig. 17 



Sequence of' crater  development with 
increasing density i n  so l id  pumice. 
Least dense sample produces deep, 
narrow burrow. 

Fig. 18 
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Sequence of crater  deveaopment with 
increasing density i n  so l id  pumice. 
Denser sample produces fairly deep, 
e l l i p t i c a l  burrow. 

Fig. 19  
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Sequence of crater development w i t h  
increashg  density i n  so l id  pumice. 
Denser sample produces shallow, 
e l l i p t i c  crater with small entry hole. 

Fig. 20 



57 

Sequence of  c ra te r  development with 
increasing density i n  solid pumice. 
Densest sample produces shallow, 
impact-shear type c ra t e r  with cent ra l  
elevation. 

Fig. 21 
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Close-up of central  c ra te r  elevation 
in s o l i d  pumice sample of densest type. 

Fig. 22 



59 

Impact photograph of solid pumice. 
Sample of Fig. 20. 880 micro-seconds 
after impact. 

Fig. 23 



60 

Vertical view of crater  in granular 
basal t ,  20-62 micron size.  
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Horizontal view of  crater  i n  granular 
basalt ,  20-62 micron size.  

Fig, 25 



62 

Vertical  view of c ra te r  in 
granular basalt-62-125 micron 
s ize .  

Close-up of pro jec t i le  . 
Note cone of compacted 
material. 

Fig. 26 
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Vertical. view of crater  i n  granular 
basa l t  125-250 micron s i ze .  

Fig. 27 



Three-quarter view of  c ra te r  i n  
granular basalt, 3-25-250 micron s ize  e 

Fig. 28 
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Crater in granular pasalt, 
5OO-~,OOO micron size 

Fig. 29 
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Crater in granular pumice, 
10-37 micron s ize .  

Fig. 30 
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Close-up of c ra t e r  r i m  i n  granular 
pumice, 10-37 micron size. 

Fig. 31 
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Vertical  view of c ra te r  i n  granular 
pumice, 62-125 micron s ize .  Low 
energy impact. 

Fig. 32 
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Crater i n  granular pumice, 62-125 
micron size. Low energy impact. 

Fig. 33 



70 

Crater i n  granular pumice, 62-125 
micron s ize .  Medium energy. impact. 
Note fo ld  l i nes  i n  crater.  

Fig. 34 



7 1  

Crater in grmular pumice, 62-125 
micron size. High energy impact. 

Fig. 35’ 
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Close-up of cent ra l  crater  in granular 
pumice, 62-3.25 micron s ize .  
impact. 

High energy 

Fig. 36 
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Extreme close-up of rim section of central  
crater  i n  granular pumice, 62-125 micron 
size. High energy impact. 

Fig. 37 
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